Decidualization of human endometrial stromal (ES) cells in vitro is induced by cAMP analogs and ligands that elevate cellular cAMP levels. A marker of this differentiation process is the activation of the decidual PRL (dPRL) promoter. In a primary ES cell culture system we show that relaxin not only acutely but permanently elevates cellular cAMP levels and leads to induction of PRL secretion after 6 days. Northern and Western blot analyses revealed that all regulatory subunit isoforms (RI␣, RI␤, RII␣, and RII␤) and catalytic subunits C␣ and C␤ of protein kinase A (PKA) are expressed in ES cells. Transcript levels of PKA subunit isoforms are not altered during decidualization, but in decidualized ES cells, exposed to relaxin for more than 6 days, a significant reduction of RI␣ protein level occurs, whereas levels of all other forms remain unchanged. Reduction of R subunits might result in a net increase in free C subunit activity. This alteration is not due to a change in the mitotic state of the cells, as proliferating cell nuclear antigen is evenly expressed in undifferentiated and differentiated ES cell cultures. In transient transfections of undifferentiated ES cells, the dPRL promoter is activated by 8-bromo-cAMP and the C subunit (C␤) of PKA. This induction as well as the differentiation-dependent activity of the dPRL promoter in transfected decidualized cells are effectively abolished by the coexpression of protein kinase inhibitor. We demonstrate that 332 bp of the dPRL promoter are sufficient to mediate full inducibility by cAMP. Activation of the dPRL promoter by cAMP in ES cells occurs in two steps: an initial weak induction within 12 h and a subsequent, much more pronounced induction after 12 h. The secondary induction is not seen with a control construct driven by a consensus cAMP response element (CRE) linked to a minimal promoter and is absent from a uterine cell line that does not express the endogenous dPRL gene. The early response of the dPRL promoter depends upon a noncanonical CRE at position Ϫ12, as mutation of this sequence leads to abolition of the early, but not the delayed, induction. The major activation depends upon a different region within 332 bp of the dPRL promoter; is probably indirect, as it follows different kinetics compared to a classical CRE-mediated response; and is specific to ES cells. (Endocrinology 138: 929 -937, 1997) 
and the C subunit (C␤) of PKA. This induction as well as the differentiation-dependent activity of the dPRL promoter in transfected decidualized cells are effectively abolished by the coexpression of protein kinase inhibitor. We demonstrate that 332 bp of the dPRL promoter are sufficient to mediate full inducibility by cAMP. Activation of the dPRL promoter by cAMP in ES cells occurs in two steps: an initial weak induction within 12 h and a subsequent, much more pronounced induction after 12 h. The secondary induction is not seen with a control construct driven by a consensus cAMP response element (CRE) linked to a minimal promoter and is absent from a uterine cell line that does not express the endogenous dPRL gene. The early response of the dPRL promoter depends upon a noncanonical CRE at position Ϫ12, as mutation of this sequence leads to abolition of the early, but not the delayed, induction. The major activation depends upon a different region within 332 bp of the dPRL promoter; is probably indirect, as it follows different kinetics compared to a classical CRE-mediated response; and is specific to ES cells. (Endocrinology 138: 929 -937, 1997) D ECIDUALIZATION of the human endometrium in the late luteal phase of the menstrual cycle is a profound morphological and biochemical alteration process preparing the endometrium for implantation and maintenance of pregnancy. During this differentiation, endometrial stromal (ES) cells acquire the ability to express and secrete numerous new cellular products (reviewed in Ref. 1) . Among the major secretory products, insulin-like growth factor-binding protein-1 and PRL are considered to serve as markers for the onset of decidualization. PRL secretion starts around day 25 of the cycle and remains high throughout pregnancy. Decidual PRL gene transcription is directed by an alternative promoter located at an additional exon (exon 1a) 6 kilobases (kb) upstream of the pituitary promoter and is independent of Pit-1 (2, 3) . The molecular basis of decidualization and initiation of decidual PRL (dPRL) gene transcription is not yet understood. Progesterone alone can induce decidualization in estradiol-primed cultured ES cells. However, stable cAMP analogs alone trigger decidualization much more efficiently (4), whereas progesterone is a rather weak inducer in vitro. The differentiating effect of substances that elevate intracellular cAMP levels [PGE 2 , hCG, FSH, LH, and relaxin (RLX)] was synergistically enhanced by the presence of progesterone in cell culture experiments (5) (6) (7) (8) . The major physiological source of RLX in vivo is the corpus luteum (9, 10) of the mid-to late luteal phase (11) . RLX rapidly elevates cAMP levels in ES cells (12) . However, its receptor and the subsequent signal transduction pathways are not yet described, but one is via cAMP-dependent protein kinase (PKA) in uterine tissues (12, 13) . The level of intracellular cAMP in differentiated ES cells is higher than that in undifferentiated ES cells (14) , and endometrial adenylate cyclase activity is altered in the course of the cycle and pregnancy (15) .
At the molecular level, we had previously shown that dPRL gene transcription is strongly induced by cAMP in transient transfection assays (3) . The most prominent signal transduction pathway of cAMP is via PKA (16) and subsequent phosphorylation of nuclear proteins (17) . When the pathway is stimulated, membrane-bound adenylate cyclase generates cAMP, which then binds to the R subunits of PKA. PKA consists of two R and two C subunits, the latter being released from the complex after each R subunit has bound two molecules of cAMP, generating a conformational change in the R subunit dimer (16) . The holoenzyme dissociates, and free single C subunits migrate into the nucleus and phosphorylate their target proteins, such as cAMP response element (CRE)-binding protein (CREB) and its modulator CREM (reviewed in Refs. 18 and 19). To date, four R subunit isoforms (RI␣, RI␤, RII␣, and RII␤) (20 -23) and three C subunit isoforms (C␣, C␤, and C␥) (24, 25) have been described. The isoform composition of PKA can change in response to physiological stimuli or mitotic state (26), and homo-or heterodimers of different R subunits complexed with C form isozymes with different kinetic properties (27, 28). Whereas type I PKA is localized in the cytosol, type II can be attached to subcellular structures such as endoplasmic reticulum or Golgi apparatus membranes by anchoring proteins (for a review, see Ref. 29).
It is not known how cAMP mediates activation of the dPRL promoter and what region thereof is responsive. A CRE-like sequence (TGACGTTT) is present at position Ϫ12 relative to the transcription start site (3) . The same sequence is found in the c-fos promoter and will transduce a cAMP signal via CREB (30, 31). In this study we investigated the role of PKA in decidual-specific PRL gene expression.
Materials and Methods Antibodies
Primary antibodies against human regulatory PKA subunits RI␣ (mouse monoclonal), RI␤, RII␣, and RII␤ (rabbit polyclonals) were generated and applied as previously described (27). Antibody against PKA catalytic subunits, recognizing C␣ and C␤ (rabbit polyclonal), was a gift from Dr. G. Schwoch (University of Gö ttingen, Gö ttingen, Germany) (32). Antiproliferating cell nuclear antigen (PCNA) antibody was purchased from Santa Cruz (Heidelberg, Germany). Secondary antibodies [sheep antimouse Ig peroxidase conjugated (Amersham, Braunschweig, Germany), (goat antirabbit IgG peroxidase conjugated (Sigma, Deisenhofen, Germany)] were used following the manufacturer's instructions.
Cell culture
The uterine sarcoma cell line SKUT-1B (HTB 115, American Type Culture Collection, Rockville, MD) was obtained from the European Collection of Animal Cell Cultures (Salisbury, UK) and maintained in DMEM-Ham's F-12 (1:1; Life Technologies, Eggenstein, Germany), supplemented with 10% FCS (Serva, Heidelberg, Germany), 50 U/ml penicillin, and 50 g/ml streptomycin.
ES cells from cycling women undergoing hysterectomies for leiomyomas were prepared as previously described (3). Briefly, endometrial tissue was minced thoroughly and digested in DMEM with 0.5 mg/ml collagenase-dispase (Boehringer Mannheim, Mannheim, Germany) and 2.5 mg/ml deoxyribonuclease I (Sigma) for up to 2 h, with gentle pipetting every 20 -30 min. Myometrial contaminations and undispersed material were removed by sieving samples through a nylon stocking and subsequently through a steel sieve (38-m pore size). ES cells were allowed to attach to six-well plates for 30 -45 min before epithelial cells were washed away. Cells from tissues containing high amounts of erythrocytes were submitted to centrifugation through a 60% Percoll gradient (1080 ϫ g for 20 min) after sieving and before the differential attachment. The purity of the cultures was confirmed by immunocytochemistry using antibodies against cytokeratin, ␣-actin, and vimentin (Dako, Hamburg, Germany). Basal medium ((Ϫ/Ϫ) condition) contained DMEM-Ham's F-12 at a 1:1 ratio, 10% FCS that had been depleted of steroids by treatment with dextran-coated charcoal, 100 U/ml penicillin, 100 g/ml streptomycin, 1 g/ml insulin (Sigma), and 10 Ϫ9 m 17␤-estradiol (E 2 ; Sigma). For treatment with progestin, 2.5 ϫ 10 Ϫ7 m medroxyprogesterone acetate (MPA; Sigma) was added to the basal medium ((ϩ/Ϫ) condition). Treatment with RLX ((ϩ/ϩ) condition) was performed by adding 100 ng/ml RLX (3000 U/mg protein; supplied by S. Raiti, National Hormone and Pituitary Program, NIDDK, Baltimore, MD) to the (ϩ/Ϫ) medium. Medium was changed every 48 -72 h. At confluence, cells were trypsinized and passaged at a ratio of 1:3 into 12-well plates (Nunc, Roskilde, Denmark). Only first passage cells were used for experiments.
Secretion assays, RIA
Two parallel sets of confluent cells in 12-well plates were washed twice with PBS and stimulated with E 2 , E 2 plus MPA, E 2 plus MPA plus RLX [corresponding to (Ϫ/Ϫ), (ϩ/Ϫ), and (ϩ/ϩ) conditions as described above] in Opti-MEM (Life Technologies) for 30 min. Supernatant was collected for determination of extracellular cAMP content and replaced by (Ϫ/Ϫ), (ϩ/Ϫ), or (ϩ/ϩ) medium for 72 h (see above). After 3 days, one of the two sets was harvested for measurement of intracellular cAMP as follows: cells were washed with PBS twice, incubated with 0.25 mm 3-isobutyl-1-methylxanthine (IBMX) (Sigma) in PBS for 15 min, taken up in 500 l ice-cold 70% ethanol, and frozen at Ϫ20 C for at least 1 h. The remaining set of cells was incubated for another 72 h under the above-mentioned conditions. Media were collected for PRL RIA, and the cells were taken up in ethanol for cAMP measurement.
RIA for cAMP from ethanol extractions was performed by evaporating the ethanol for 1 h at 60 C under vacuum. Samples were resuspended in 500 l DMEM-Ham's F-12 and then acetylated with 25 l of a mixture of acetic anhydride and triethylamine (1:2.5; Sigma). Samples in Opti-MEM were acetylated directly. cAMP levels were measured using a commercial RIA (IBL, Hamburg, Germany). Measurement of human (h) PRL was performed by RIA as previously described (3).
Northern blot hybridization
RNA from cultures of human ES cells was prepared following the RNA-clean protocol (AGS, Heidelberg, Germany). RNA was submitted to Northern blot hybridization as described previously (33). PKA subunit-specific complementary DNA (cDNA) probes were: 800 bp 5Ј-sequence of hRI␣ (20) 
SDS-PAGE, Western blot, and immunodetection
Cells were washed with PBS twice and then scraped in protein extraction buffer [Ripa buffer; PBS (pH 7.4), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor set (complete, Boehringer)]. Scraped cells were sonicated in an ice-cold water bath. Protein concentration was measured with the DC protein detection kit (Bio-Rad, Munich, Germany). For SDS-PAGE, a modification of a gel system described by Rittenhouse and Marcus (34) was chosen, using 15 g protein/lane on a 12.5% SDS-polyacrylamide minigel. Western tank blot was performed in ice-cold transfer buffer (20% methanol, 25 mm ethanolamine, 33 mm glycine) for 2 h at 80 V (35) onto polyvinylidene difluoride membranes (Immobilon P, Millipore, Eschborn, Germany). Efficiency of the transfer was tested by staining with Ponceau S (Sigma) or Fount India Ink (Pelikan, Hannover, Germany) before blocking with Blotto (5% nonfat dry milk in PBS). Blots were exposed to primary antibodies overnight at 4 C. Secondary antibodies were applied for 1 h at room temperature, followed by detection with the ECL system (Amersham).
Generation of plasmids
Deletion constructs of dPRL-3000/GH (3) were generated by cloning the BamHI fragment of pGEM-dPRL-3000 (position Ϫ2999 to ϩ65 of the dPRL promoter) into pBSKSII (Stratagene, Heidelberg, Germany). Nested 5Ј-exonuclease III deletions (ExoIII/Mung Bean Deletion kit, Stratagene) were started at an XbaI/BstXI nick in the pBSKSII polylinker site and allowed to proceed for 1-15 min at 30 C. After religation, i-SacI/BamHI fragments were isolated, inserted into HincII/BamHI-digested vector p0GH (Nichols Institute, Bad Nauheim, Germany), and sequenced. Plasmid dPRL-332/GH was generated by ligating the Ϫ332/ ϩ65 SspI/BamHI fragment of dPRL-3000/GH into HincII/BamHI-digested vector p0GH. The vector pCRE-TK/GH carries a consensus CRE in front of the thymidine kinase (TK) promoter fragment Ϫ81/ϩ52 (36) and was constructed in two steps: two oligonucleotides (5Ј-CAAATT-GACGTCATGGTAAGAGCT-3Ј and 5Ј-CTTACCATGACGTCAATTT-GAGCT-3Ј) were annealed to give rise to a fragment containing the CRE sequence from the human ␣-subunit gene (italicized) (37) flanked by SstI overhangs (boldface). This double stranded oligonucleotide was phosphorylated and ligated into SstI-digested vector pT81luc (36) to create pCRE-TK/luc. The CRE sequence linked to the TK promoter was excised from this vector with HindIII/BglII, and the fragment was ligated into p0GH digested with HindIII/BamHI, giving rise to pCRE-TK/GH. Plasmid CRE/Ϫ36rPRL/luc3 was generated based upon pCRE/Ϫ36rPRL/ luc (a gift from Dr. M. G. Rosenfeld, Howard Hughes Medical Institute, San Diego, CA) (38), which contains two composite CREs (italicized) (5Ј-TTGGCTGACGTCAGAGAGAGGCCGGCCCCTTACGTCAGAGG-CGAG-3Ј) linked to the minimal rat (r) PRL promoter fragment Ϫ36/ ϩ34 and the luciferase gene. This sequence was amplified by PCR using Pfu-polymerase (Stratagene, Heidelberg, Germany), upstream primer (5Ј-CTTGGCTGACGTCAGAGAGAG-3Ј), and antisense primer GL2 (Promega, Madison, WI) located in the luciferase gene. The PCR product was cut at the HindIII site located at position ϩ34 of the rPRL promoter, and the resulting blunt end/HindIII fragment was inserted into vector pGL3-Basic (Promega), digested with SmaI/HindIII, to generate pCRE/Ϫ36rPRL/luc3.
Plasmids dPRL-332wt/luc3 (wt, wild type), dPRL-332MUT/luc3, and dPRL-332CRE/luc3 were constructed by amplifying portion Ϫ332/ ϩ65 of the dPRL promoter carrying either the native imperfect CRE (wt) sequence 5Ј-TGACGTTT-3Ј, mutated sequence 5Ј-TTATGATT-3Ј (MUT), or perfect palindrome 5Ј-TGACGTCA-3Ј (CRE) at position Ϫ12 via PCR. The PCR strategy was as follows. The upstream primer covers the dPRL region from Ϫ332 to Ϫ315, introducing a BamHI site (boldface; 5Ј-AGGATCCATTATGTTCTGAGGGCTG-3Ј) at the 5Ј-end of the PCR product. The downstream primer for creation of dPRL-332wt/luc3 spans dPRL ϩ54 to ϩ80 relative to the transcription start site, inserting a BamHI site at position ϩ65 by exchange of two nucleotides. The PCR product of these two primers using the genomic hPRL clone 8b-1 (3) as template was purified and briefly digested with BamHI. This resulted in blunt-end/BamHI-digested PCR product, which was ligated into i-SacI/ BglII-digested vector pGL3-Basic. Plasmid dPRL-332MUT/luc3 was generated by PCR, using dPRL-332wt/luc3 as template, the abovementioned upstream primer, and a downstream primer (5Ј-TGC CAA GCT TAC TTA GAT CGC GGA TCC GAT TCT TCT TGG TGT CTC TGT CTT TGA GGG TAC TTC TGG AAT GAA GGT TCT TAT GAC CTA CTT TAT AGA ATC ATA AGA GGA TT-3Ј), including a HindIII site (italicized; corresponding to the HindIII site in the multiple cloning site of pGL3-Basic), a BamHI site (italicized; corresponding to the BamHI site introduced by the downstream primer in dPRL-332wt/luc3), and a mutated sequence in the CRE site (boldface). The PCR product was digested with HindIII giving rise to a fragment spanning from the HindIII site at position Ϫ56 of the dPRL promoter to the HindIII site in pGL3-Basic. This fragment was used to replace the respective HindIII fragment from dPRL-332wt/luc3, giving rise to dPRL-332MUT/luc3. Plasmid dPRL-332CRE/luc3 was created following the same strategy, but with a downstream primer introducing a perfect palindromic CRE sequence (TGAC GTCA). Plasmids pRSV-C␤, pRSV-C␤mut (39) and pRSV-PKI, pRSV-PKImut (40) were gifts from Dr. R. Maurer (University of Oregon, Portland, OR).
Transient transfection and reporter gene assays
For transfections, ES cell cultures were used at 75-85% confluency. Cultures were transfected in triplicate in 12-well plates by calcium phosphate coprecipitation (Promega) for 16 h without subsequent glycerol shock. When the hGH gene was used as a reporter (41), medium was harvested 72 h after removal of the transfection mix, and hGH secretion was measured using a chemiluminescent assay (Nichols Institute) as previously described (3) . Cells received equimolar amounts of reporter gene constructs (maximum, 2.5 g DNA/well); inert vector pGL2-Basic (Promega) was added to expose cells to equal amounts of transfected DNA. For luciferase reporter assays, cells were harvested 24 h after removal of the transfection mix, and reporter gene activity was measured with the luciferase assay system (Promega). Transfection of SKUT-1B cells was performed as described previously (3).
Results

bp of the dPRL promoter are sufficient to mediate full inducibility by cAMP
To locate the region of the dPRL 5Ј-flanking region that is responsible for mediating inducibility by cAMP, we transfected ES cells with a series of constructs made by 5Ј-deletions of the upstream region, linked to hGH as reporter gene, and kept the cells in the absence or presence of 0.5 mm 8-bromo-cAMP (8-Br-cAMP) for 72 h (Fig. 1) . As a negative control, the promoterless construct p0GH was used. A 3000-bp portion of the promoter was induced 16.4-fold by the cAMP analog. The smallest portion that was able to mediate full inducibility was 332 bp long (18.4-fold induction). Further truncation of the promoter reduced inducibility noticeably (dPRL-270/GH, 6.5-fold; dPRL-102/GH, 9.8-fold; dPRL-56/GH, 2.9-fold induction). cAMP treatment caused a general stimulation of reporter gene expression, as even the promoterless construct p0GH was induced 3-fold.
Activity of the dPRL promoter in differentiated ES cells is PKA dependent
PKI is a pseudosubstrate of PKA, and a PKI nuclear export signal serves to actively transport PKI:C complexes out of the nucleus (42) . To assess whether coexpression of PKI would inhibit cAMP-induced activation of the dPRL promoter, we transfected undifferentiated, PRL-negative ES cells with dPRL-promoter constructs dPRL-3000/GH and dPRL-332/ GH. Cotransfections were performed with expression vectors for PKA-C␤ (pRSV-C␤), an inactive PKA-C␤ mutant (pRSV-C␤mut), PKI␣ (pRSV-PKI), or an inactive PKI mutant (pRSV-PKImut) (39, 40) (Fig. 2) . In the absence of PKA-C␤, all promoter constructs remained silent. Coexpression of PKA-C␤ induced dPRL constructs dPRL-3000/GH (19.8-fold induction) and dPRL-332/GH (16.7-fold induction) even more strongly than a control construct (pCRE-TK/GH, 5.6-fold induction). Cotransfection of an expression vector for PKI effectively suppressed PKA-C␤-induced activation of the dPRL promoter. In contrast, mutant C␤ or mutant PKI had no effect. We have shown previously that differentiation enables ES cells to use the transfected dPRL promoter (3). We next wanted to assess whether the capability of decidualized ES cells to use the promoter is dependent upon activated PKA. In a parallel set of experiments, we transfected both in vitro decidualized ES cells (ϩ/ϩ cells) and undifferentiated ES cells (Ϫ/Ϫ cells) with the above-mentioned dPRL promoter constructs (Fig. 3) . Undifferentiated cells were stimulated with 0.5 mm 8-Br-cAMP for 72 h. Both sets of cultures were cotransfected with either expression vector pRSV-PKI or pRSV-PKImut. In undifferentiated cells, cAMP-induced activation of the dPRL promoter constructs was effectively abolished by the presence of PKI (dPRL-3000/GH, 90% reduction; dPRL-332/GH, 87% reduction; Fig. 3B ). Similarly, differentiation-dependent activity of dPRL-3000/GH and dPRL-332/GH in decidualized ES cells in the absence of exogenously added cAMP analog was significantly suppressed by PKI (73% and 70% reduction, respectively; Fig.   3A ). This indicates that differentiation-dependent dPRL gene transcription depends at least partially upon active PKA.
Relaxin causes a persistent elevation of intracellular cAMP
RLX is known to induce the decidualization process (7), and it acutely raises intracellular cAMP levels in cultured ES cells (12) . As decidualized ES cells depend upon active PKA for dPRL expression, we investigated the time course of RLX-induced cAMP generation over a period of 6 days (Fig.  4) . We exposed undifferentiated ES cells to control medium (Ϫ/Ϫ), MPA alone (ϩ/Ϫ), or MPA plus RLX (ϩ/ϩ) and measured cAMP formation after 30 min, 3 days, and 6 days. In the same cultures, PRL secretion was measured after 6 days of treatment. RLX not only caused a drastic rapid increase in cAMP production after 30 min, but also resulted in a permanently elevated cAMP level for the entire period of the experiment (2.8-fold increase after 3 days, 3.1-fold increase after 6 days compared to (Ϫ/Ϫ) conditions). After 6 days, cells treated with RLX and MPA produced significantly more PRL than cells treated with MPA alone. MPA alone had no measurable effect on cAMP formation, and PRL was barely detectable in MPA-stimulated cultures after 6 days. No differences in cGMP formation were observed among the different treatments (data not shown).
Transcripts for all PKA subunit isoforms are present in undifferentiated and differentiated ES cells
The expression of PKA and its isoform composition might be altered in response to different cellular cAMP levels, so as a next step we investigated the distribution of the PKA subunit isoforms in undifferentiated and differentiated ES cell cultures (Fig. 5) . Total RNA from undifferentiated ES cells kept under (Ϫ/Ϫ) conditions and from differentiated ES cells maintained under (ϩ/ϩ) conditions was subjected to Northern blot hybridization using subunit-specific cDNA probes. Transcripts of all R subunits (RI␣, RI␤, RII␣, and RII␤) and C subunits (C␣ and C␤) were present in human ES cells. For RI␣, two transcripts could be detected, 3.0 and 1.5 kb in size. The larger and predominant form represents the RI␣ transcript, which is ubiquitous in somatic cells; the smaller transcript has been detected in human testis (20). RI␤ messenger RNA (mRNA) had a size of 2.7 kb. For RII␣, a single transcript of 7.0 kb was detectable, but no smaller forms, like those described for germ cells, were present (22, 43). The probe against RII␤ mRNA detected a transcript of 3.3 kb. The mRNA level of C␣ (2.8 kb) far exceeded that of C␤ (4.4 kb), but C␤ mRNA was detectable. However, the respective levels of any of the isoforms were not altered over the course of the differentiation process.
Regulatory subunit RI␣ protein is decreased in differentiated ES cells
To assess whether ES cells counteract permanently elevated cAMP by down-regulating C subunits or up-regulating R subunits at the protein level, we subjected protein extracts from ES cultures kept under (Ϫ/Ϫ), (ϩ/Ϫ), and (ϩ/ϩ) conditions to Western blot analysis (Fig. 6) . For the C subunits, a single band of approximately 40 kDa was de- tected. The antibody used does not discriminate between C␣ and C␤. The difference in M r of C␣ and C␤ is only 122 Da, so both isoforms migrate in a single complex during normal SDS-PAGE (44) . It is, therefore, not possible to judge the level of the individual subunit isoforms, but the total amount of C subunit protein is not altered over the course of decidualization. Proteins for all R subunits were present, no differences were detectable between undifferentiated cells (Ϫ/Ϫ) and cells treated with MPA alone (ϩ/Ϫ). However, decidualized, PRL-secreting ES cells kept in the presence of Fig. 2 in the absence or presence of active PKI. B, Undifferentiated ES cells from the same individual as in A, kept in basal medium plus 0.5 mM 8-Br-cAMP, were subjected to the same transfection regime as that in A. Reporter gene activity was measured after 72 h (mean Ϯ SD; n ϭ 3).
FIG. 4. Induction of cAMP generation and PRL secretion in response
to MPA and RLX. Undifferentiated ES cells were exposed to basal medium (Ϫ/Ϫ), MPA (ϩ/Ϫ), or MPA plus RLX (ϩ/ϩ) as outlined in Materials and Methods. A, cAMP concentration was measured in the supernatant after 30 min. B and C, Cells were harvested for measurement of intracellular cAMP after 3 or 6 days, respectively. D, PRL secretion was determined after 6 days as the amount of hormone accumulated in the supernatant during the last 3 days of the experiment (n.d., below detection limit; mean Ϯ SD; n ϭ 3, representative of three similar experiments).
FIG. 5. Northern blot analysis of PKA subunit transcripts in cultured ES cells. ES cells were maintained in basal medium (Ϫ/Ϫ conditions)
or in the presence of MPA plus RLX (ϩ/ϩ conditions) for 15 days. Northern blots containing 30 g total RNA were hybridized with subunit-specific cDNA probes as described in Materials and Methods. Hybridization for RII␣ and RII␤ was performed simultaneously, as previous experiments had shown the transcripts to be sufficiently different in size. Even loading was confirmed by ethidium bromide staining of the gel.
MPA plus RLX (ϩ/ϩ) displayed a markedly reduced level of R subunit RI␣, whereas the other isoforms were not affected.
The PKA subunit composition can be dependent upon the mitotic state of the cell. We, therefore, submitted Western blots of ES cells to immunodetection using an antibody to PCNA, which is an auxiliary protein of DNA polymerase ␦ (45) and serves as a marker for proliferation in most cells. PCNA levels were not altered by any of the treatments, suggesting that decidualization does not arrest the cell cycle of ES cells and that the reduced level of RI␣ protein is, therefore, not cell cycle dependent.
Activation of the dPRL promoter by cAMP is cell-specific and delayed in human ES cells
Having shown that RLX up-regulated cAMP during differentiation and that differentiating ES cells maintained high levels of PKA, we wanted to examine in more detail the effect of cAMP on the dPRL promoter during differentiation. We linked the dPRL promoter fragment dPRL-332 to luciferase as a reporter gene to be able to detect early cAMP effects in transient transfection assays. The luciferase reporter gene system, in contrast to the hGH reporter gene system, allowed detection of promoter utilization in ES cells within less than 24 h. To investigate the contribution of the imperfect CRE at position Ϫ12 to the cAMP inducibility of the dPRL promoter, we altered the nonpalindromic sequence in the context of the 332-bp fragment to either a perfect palindrome (dPRL-332CRE/luc3) or a mutation that abolishes CRE activity (dPRL-332MUT/luc3) and compared it with the wild type (dPRL-332wt/luc3) in a stimulation transfection assay. Undifferentiated ES cells and the uterine sarcoma cell line SKUT-1B, which does not express endogenous dPRL, were transfected, and cells were lysed 24 h after transfection.
Transfected cells were treated with 0.5 mm 8-Br-cAMP for the last 6, 12, or 24 h. The control plasmid in this experiment (pCRE/Ϫ36rPRL/luc3) contained two CREs linked to a minimal PRL promoter fragment (Fig. 7) .
In ES cells, as in SKUT-1B cells, activation of the control plasmid peaked within 12 h of stimulation. The basal unstimulated activity of the control plasmid (pCRE/Ϫ36rPRL/ luc3) was higher than that of dPRL-332wt/luc3 in both ES cells and SKUT-1B cells (1.6-and 4.8-fold, respectively; not shown), which might explain the relatively weak additional induction by cAMP (2.8-and 2.9-fold, respectively). In SKUT-1B cells none of the dPRL promoter constructs was activated by cAMP. In contrast, in ES cells an initial weak activation of dPRL-332wt/luc3 and dPRL-332CRE/luc3 within the first 12 h of stimulation was followed by a delayed, but much stronger, induction, with no differences between the wild-type and the perfect palindromic sequence. Mutation of the CRE fully abolished the early, but not the delayed, response. We, therefore, suggest that cAMP activation of the dPRL promoter is cell specific, indirect, and predominantly mediated by sequences outside of the nonpalindromic CRE.
Discussion
Decidualization describes the complex morphological and biochemical differentiation process that ES cells undergo toward the end of the menstrual cycle in preparation for blastocyst implantation. Even though a variety of factors have been identified that trigger decidualization in vitro, such as gonadotropins, RLX, PGE 2 , CRF, cAMP analogs, progesterone, and androgens (5-8, 46 -50) , little is known about the molecular basis of the induction of decidual-specific genes. We have previously shown that progesterone, which is produced by the corpus luteum during the secretory phase of the cycle, does not regulate dPRL gene transcription. cAMP, however, effectively induces the dPRL promoter within 72 h (3) . cAMP signaling to the nucleus is transduced almost exclusively by binding of cAMP to R subunits of PKA and subsequent phosphorylation of nuclear target proteins by released and translocated C subunits (17) . To investigate the role of PKA in induction of the dPRL promoter, we introduced an expression vector for PKA-C␤ into undifferentiated ES cells. This vector strongly induced reporter constructs carrying at least 332 bp of the dPRL promoter. In vitro decidualized ES cells have acquired the ability to use transfected dPRL promoter constructs concomitantly to their capability to express the endogenous PRL gene (3). When we introduced PKI␣ into decidualized ES cells, the activity of the dPRL promoter was repressed. As PKI␣ exclusively inhibits PKA, but not cGMP-dependent protein kinase (40), these data strongly suggest that decidualized ES cells require active PKA for ongoing expression of the dPRL gene.
Maintenance of the activated PKA during ES cell differentiation to drive dPRL expression requires permanent presence of sufficient levels of cellular cAMP. RLX has been shown to rapidly elevate cAMP levels in ES cells (12) and to induce PRL secretion, synergistically with MPA (8) . We investigated the time course of cellular cAMP generation by ES cells in response to MPA and RLX. Treatment of undiffer- entiated ES cells with MPA plus RLX led to a drastic acute increase in cAMP generation after 30 min, as well as a permanently elevated intracellular level of the second messenger after 3 and 6 days, compared to control cells or cells treated with MPA alone. Concomitantly, the presence of RLX effected a significant induction of PRL production, whereas PRL was barely detectable in cells exposed to MPA alone after 6 days. Treatment of ES cells with vasoactive intestinal peptide, which only results in a brief spurt of cAMP formation, does not lead to induction of PRL secretion (our unpublished observation). Thus, a persistently elevated cellular cAMP content seems to be critical for efficient dPRL gene expression. This is supported by the finding that dPRL production induced by PGE 2 plus progesterone in ES cells is suppressed by all-trans retinoic acid or interleukin-1␤; this effect is accompanied by reduced levels of cellular cAMP (51, 52) .
During in vitro decidualization, ES cells are exposed to a cAMP stimulus for days to weeks. Numerous studies in other tissues and cell lines have dealt with the response of the cellular PKA system to permanently elevated cAMP, mostly achieved by treatment of the tested cells with forskolin (reviewed in Refs. 16, 18, and 19). It has been described in various systems that the permanent stimulus is counteracted by either decreasing the amount of C subunits or by elevating the level of R subunits of PKA (53) . In isoprenaline-stimulated rat parotid gland cells and in rat pituitary GH 3 cells, elevation of cAMP leads to degradation of C subunits, whereas R subunit levels remain unchanged (54, 55) . In rat hepatocytes, a decrease of C subunits is accompanied by an increase in R subunit transcripts upon stimulation by cAMP (56) . In all those cases, the net effect is an increase in the R/C ratio. In B lymphoid cells, dissociation of the holoenzyme leads to destabilization and degradation of both C and RI␣ (57) .
By Northern blot analysis we found that transcripts for all R and C subunits are present in ES cells, but no difference in transcript levels could be detected between undifferentiated ES cells and decidualized cells that had been exposed to RLX for 2 weeks. Thus, at the mRNA level, a permanently elevated cAMP content does not alter PKA expression in fully differentiated ES cells. Western blot analysis, however, revealed a significant reduction of RI␣ protein in RLX-treated cells. Whether this reduction of RI␣ is due to a more rapid degradation of free RI␣ dissociated by the increased cAMP levels or due to a translational down-regulation cannot be answered at present. No difference in the C subunit protein levels could be detected, and the absence of a coordinated degradation of RI␣ and C may be due to compartmentalization of C or redistribution of R:C complexes. As a consequence of reduced RI␣ protein, the R/C ratio is decreased, and signal transduction to the nucleus is maintained. The endometrial PKA system, therefore, does not desensitize to the sustained cAMP stimulus, but, rather, enhances the cAMP effect by reducing regulatory subunit isoform RI␣. RI␣ is the dominant R subunit in proliferating tissues (26), so a loss of RI␣ protein could be due to a halt of proliferation after differentiation of ES cells. However, the mitotic marker PCNA, appearing in early G1 and S phase of the cell cycle (45, 58) , was evenly expressed under control and differentiating culture conditions, suggesting that decidualization does not arrest the cell cycle of human ES cells.
The dPRL promoter contains a putative CRE at position Ϫ12. Our studies show that this element is probably not the main mediator of the cAMP signal in ES cells. The classical response to cAMP stimulation is elicited within hours, as CREB is phosphorylated approximately 30 min after stimulation of the pathway and subsequently activates transcription at responsive gene promoters (59) . In transfection assays with ES cells as well as SKUT-1B cells, control plasmid CRE/ Ϫ36rPRL/luc3 was fully activated within 12 h of stimulation by cAMP and began to decline thereafter. In ES cells the initial response of the wild-type dPRL-332 promoter was mediated by the putative CRE, as it was suppressed when the sequence was mutated (dPRL-332MUT), but the response was comparably weak and could not be enhanced by rendering the sequence into a palindromic CRE as in dPRL-332CRE. The much stronger secondary induction occurred in a delayed manner after 12 h, following the weak initial induction. In contrast to the latter, the pronounced subsequent induction was not suppressed by destruction of the CRE sequence in dPRL-332MUT. This effect was cell specific, as SKUT-1B cells, which do not use the endogenous dPRL promoter, failed to activate any of the dPRL promoter constructs during the 24 h of the experiment. The putative CRE sequence in the dPRL promoter (TGACGTTT) has been shown to mediate cAMP activation in the c-fos protooncogene promoter (30, 31); however, the promoter context appears to be important for a potential response element to become functional. Even the presence of a palindromic CRE sequence does not imply that it is unavoidably activated by the PKA pathway. The perfect CRE palindrome in the synapsin I promoter was shown not to be regulated by cAMP (60) . In the surfactant protein A promoter, rendering of a putative CRE (CREsp-a; TGACCTCA) into a perfect palindrome led to a significant reduction of activation by cAMP (61) . Our results suggest that the strong secondary activation requires ES cell-specific factors that are induced in the course of prolonged elevation of cAMP, which, in concert with a factor(s) interacting with the CRE, direct efficient dPRL gene expression.
In deletion studies we show that 332 bp of the promoter are sufficient to mediate inducibility of the dPRL promoter by cAMP within 72 h. These studies suggest that region Ϫ270/ Ϫ332 is of major importance for mediating this response in ES cells. The dPRL promoter is activated not only in ES cells, but also in lymphoblastoid cells (2) . In the T cell line Jurkat, Berwaer et al. (62) identified a lymphoid-specific element at position Ϫ212/Ϫ375 by footprint analysis. It is not known at present whether similar factors from decidualized and lymphoid cells bind to this region. We earlier reported, however, that dPRL promoter induction in lymphoid cells differs from that in ES cells, as in the latter utilization of the transfected dPRL promoter and activation of the endogenous dPRL gene are strictly correlated. This correlation is absent in lymphoid cells (3) . To our knowledge the recent description of a new Sp3 form that suppresses transcriptional repression of the insulin-like growth factor-binding protein-1 promoter in the decidua is the first report of an endometrial-specific factor involved in activation of a decidual gene (63) . In the dPRL promoter, however, no Sp1/Sp3 binding motif is present (3) .
Taken together, our results suggest that dPRL gene transcription in ES cells is dependent upon permanently activated PKA, as achieved by permanently elevated levels of cellular cAMP, which leads to an elevated kinase activity and a decreased R/C subunit ratio. The endometrial PKA system does not desensitize to the chronic stimulus. This is supported by our finding that in in vitro decidualized ES cells, transcripts for the nuclear factor ICER (inducible cAMP early repressor) are constantly up-regulated (64), whereas ICER is normally rapidly down-regulated via an autofeedback mechanism (65) . The major transcriptional response of the dPRL promoter to cAMP is not immediate, but delayed, and is mediated by a region different from the CRE at position Ϫ12, probably located between Ϫ270/Ϫ332 of the promoter. Therefore, we suggest the presence of an intermediate, ES cell-specific factor(s), whose activity is linked to the PKA pathway. Whether this factor is activated or de novo synthesized in response to cAMP remains to be elucidated. 
